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ABSTRACT  Intracellular degradation of exogenous (serum)  proteins provides a source of amino 
acids for cellular protein synthesis. Pinocytosis serves as the mechanism  for delivering exoge- 
nous protein to the lysosomes, the major site of intracellular degradation of exogenous protein. 
To  determine  whether  the  availability  of  extracellular  free  amino  acids  altered  pinocytic 
function, we incubated monolayers  of pulmonary alveolar  macrophages  with the fluid-phase 
marker,  [14C]sucrose, and we dissected  the pinocytic process by kinetic analysis. Additionally, 
intracellular degradation of endogenous and exogenous protein was monitored by measuring 
phenylalanine  released from  the cell  monolayers  in  the  presence  of cycloheximide.  Results 
revealed  that in response to a subphysiological level of essential  amino acids or to amino acid 
deprivation, (a) the rate of fluid-phase pinocytosis increased  in such a manner as to preferen- 
tially increase  both  delivery to and  size of an  intracellular  compartment  believed  to  be the 
lysosomes, (b) the degradation of exogenously supplied albumin increased, and (c) the fraction 
of phenylalanine derived from  degradation of exogenous albumin and reutilized for de novo 
protein synthesis  increased. Thus, modulation of the pinosome-lysosome pathway may repre- 
sent a homeostatic mechanism  sensitive to the availability of extracellular free amino acids. 
There are four sources of essential amino acids available for 
cellular protein synthesis: intraceUular free amino acids, amino 
acids derived from degradation of cellular protein, extracellular 
free amino adds, and amino acids derived from degradation of 
extracellular protein. Work in our laboratories (1,  18, 27,  29) 
and those of others (see references 28 and 34 for review) has 
demonstrated  the  intracellular  compartmentation  of amino 
acids from these sources.  Historically, degradation of serum 
protein has not been considered a significant source of amino 
acids for de novo protein synthesis, based almost solely on the 
work of Eagle and Piez (11).  However, new, though indirect, 
experimental evidence strongly suggests that alveolar macro- 
phages can use exogenous (serum) proteins, specifically albu- 
min, as a  source of amino acids for protein synthesis in the 
presence of physiological (27) and subphysiological (17) levels 
of extracellular free amino acids. It is also known that serum 
proteins  are internalized  by both fluid-phase and adsorptive 
pinocytosis (12,  13, 32) and are degraded in the lysosomes (10, 
12, 14, 25). Therefore, since pinocytosed serum proteins might 
serve as an alternative source of amino acids (to free extracel- 
lular amino adds), we hypothesized that: (a) the rate of pino- 
cytosis might be regulated by the availability of extracellular 
free  amino  acids,  and  (b)  under  conditions  of amino  acid 
deprivation,  intraceUular  degradation  of exogenous  protein 
would increase. We tested these hypotheses using monolayers 
of alveolar macrophages and employing a kinetic analysis that 
we have described recently (4). 
MATERIALS  AND  METHODS 
Cells:  Pulmonary alveolar macrophages were lavaged from lungs of male 
rabbits (or guinea pigs) with calcium- and magnesium-free phosphate-buffered 
saline (PBS) as described previously (22).  After being washed and counted, the 
ccUs were suspended in Dulbecco's PBS supplemented with 5.6 mM glucose, pH 
7.4 (PBS~),  plated at 2-4 x  106 macrophages per 35-ram Falcon tissue culture 
dish (Falcon Labware, Oxnard, CA), and allowed to form adherent monolayers 
for  1 h  at  37°C  before  experiments were begun.  The  medium used  for  all 
experiments was Dulbccco's PBSc supplemented with amino acids and vitamins, 
as specified. 
HeLa cells were grown in Eagle's minimal essential medium (MEM) supple- 
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Cultures were incubated at 37°C as a closed vessel system. 
Pinocytosis,  Accumulation,  and  Exocytosis  of  [14C]5u- 
crose:  Accumulation of [~4C]sucrose into alveolar macrophage monolayers 
was determined as previously described (4). Briefly, cell monolayers were prein- 
cubated with PBS¢ supplemented with various concentrations of L-amino acids 
and vitamins for 1 h at 37°C. Experiments were initiated by adding [14C]sucrose 
(negligible volume) and concluded by removing media, washing the monolayers 
with ice-cold PBSG, and solubilizing the cell layer with 1% SDS. Controls for 
accumulating radioactivity at zero time and at 4°C were performed routinely. 
The kinetics of [14C]sucrose pinocytosis and subsequent exocytosis were deter- 
mined as previously described (4), including control experiments and methods of 
data analysis. A brief summary of these procedures is provided in text and in the 
legend to Table I. 
Degradation  of Exogenous and Endogenous Protein and 
Reutilization of Amino Acids:  Investigating  protein turnover is sim- 
plified when the amino acid(s) used to monitor the rates of protein synthesis and 
degradation is essential and not otherwise metabolized by the cell under study. 
Previous studies by Woodside and Massaro (33) and Hammer and Runnels (17) 
have established that phenylalanine is suitable for monitoring protein turnover 
in pulmonary alveolar macrophages. In the absence of cycloheximide, changes in 
the concentration of extracellular free phenylalanine reflect the balance between 
protein synthesis and degradation and shall be referred to as net phenylalanine 
release. In the presence of cycloheximide (20/~M),  changes in the concentration 
of extracellular free phenylalanine reflect protein degradation alone and shall be 
referred to as total phenylalanine release. We used this approach to calculate (a) 
the rate of intracellular degradation of both endogenous macrophage proteins 
TABLE  I 
Effects  of Availability of Extracellular Essential Amino Acids on 
the Characteristics of Intracellular Compartments and Fluxes 
Involved in Fluid-Phase Pinocytosis 
Amino acid concentration  in  media 
*  Physio-  ~ Subphys- 
logical  iological  None 
Half-life of compartment  5  5  5 
1 (minutes) 
Half-life of compartment  174  167  170 
2 (minutes) 
Size of compartment 1  37  36  35 
(nl/10  e cells) 
Size of compartment 2  716  977  931 
(nl/10  e cells) 
K3 (nl/min- 10  e cells)  5.2  5.1  4.9 
K4 =  /(2  (hi/rain.10 e  2.9  4.0  3.8 
cells) 
K~n,ux (i.e.,  K1)=  Ke~ux  8.1  9.1  8.7 
(i.e., Kz +  K4) (nl/min. 
10  e cells) 
Monolayers of guinea pig alveolar macrophages were incubated for 20 min 
at 37°C with media containing chromatographically-repurified [14C]sucrose 
and varying  levels of the essential amino acids (see below). This incubation 
period was chosen because previous  work indicated  that it was optimal for 
data analysis (4). At the end of incubation the medium was removed,  the 
monolayers were rapidly washed  six times  with  ice-cold  PBSo, the dishes 
quickly  drained  onto absorbant  paper,  and  the  monolayers  immediately 
reincubated at 37°C to monitor the release of [14C]sucrose from the cells. 
The  reincubation  media were identical  to  those  used during  incubation 
except that isotopically-labeled sucrose was omitted. At intervals  over the 
next 3 h the reincubation  media  were collected and  replaced  with fresh 
media. The monolayers  were finally solubilized in 1% SDS. Both media and 
cell  fractions  were  assayed for  radioactivity.  Data  analysis  for  exocytic 
kinetics  subsequent  to pinocytic loading  was performed as described  in the 
text and  reference  4.  Compartments 1 and  2 and  rate constants,  K's, are 
defined in both Fig. 2 and  the text. The mean of duplicate determinations 
from a single experiment are presented. The error in determining fractional 
rate constants  (half-lives)  by curve peeling was 5-10%. Qualitatively similar 
observations  have been made in three additional experiments.  The half-life 
of compartment 1 ranged from 4 to 6 min whereas the half-life of compart- 
ment 2 ranged from 150 to 175 min. 
* Physiological  (micromolar): Val, 140; Leu, 100; lie, 60; Phe, 60; Met, 40; Thr, 
120; Lys, 280; Arg, 220; His, 100. 
:[: Subphysiological  (micromolar): Val, 70; Leu, 50; lie, 30; Phe, 30; Met, 20; Thr, 
60; Lys, 140; Arg, 110; His, 50. 
and exogenously supplied proteins (i.e.,  bovine serum albumin [BSA])  and (b) 
the fraction of amino acids (i.e.,  phenylalanine) derived from degradation of 
endogenous and exogenous proteins and reutilized for de novo protein synthesis. 
Macrophage monolayers were washed free of nonadherent ceils and preincu- 
bated for 30 min at 37°C with PBS¢ containing 2.2/tM phenylalanine, 0 or 20 
~M cycloheximide, and either 19 other amino acids at physiological levels (see 
below) or no additional amino acids (amino acid deprivation). Following the 
preincubation period the media were removed and replaced with fresh media of 
identical composition (except with or  without 2%  BSA)  and  incubation was 
continued at 37 ° for 3 h. It was during this 3-h interval that phenylalanine release 
into the media was monitored: the media were removed from the monolayers 
and an aliquot (0.7-1.0 ml) was mixed with 30/d of 60% sulfosaLicylic acid and 
50/~1 of I mM leucyl-alanine. Precipitate was removed by centrifugation at 2,500 
rpm for 10 rain at 4°C in a clinical centrifuge. The phenylalanine content of the 
supernatant was determined by ion-exchange chromatography as described pre- 
viously (31),  using the  leucyl-alanine as  an internal standard.  Phenylalanine 
release  was  measured  against  a  background  of 2.2  ~tM  phenylalanine; this 
concentration of phenylalanine is the lowest known to provide sufficient substrate 
for protein synthesis in alveolar macrophages (15). 
Radioassay:  Radioassay for  14C  was  performed  with the  scintillant, 
Aquasol-2, on a Packard Tri-Carb liquid scintillation  spectrometer (model 3320, 
Packard Instrument Co., Inc., Downers Grove, IL). Quench was monitored by 
external standard. 
Protein  Determination:  Protein content of solubilized cell mono- 
layers and filtrates were determined according to the method of Lowry et al. (23) 
using BSA as a standard. 
Assay for [ 14 C]5ucrose Binding to BSA:  To determine  whether 
[14C]sucrose was bound to BSA under culture conditions, we centrifuged 0.5-ml 
aliquots of media containing [14C]sucrose, 0 or 2% BSA, and either a complete 
complement of amino acids or no amino acids at 800 rpm for 10 rain at room 
temperature  through  conical filters designed  to  retain  macromolecules with 
molecular weights greater than 25,000 (Amicon Centriflo membrane cones, type 
CF25; Amicon Corp., Scientific Systems Div., Danvers, MA). Protein determi- 
nations on the filtrate indicated that 9.7-98%  of the BSA was retained by the 
filters. Radioassay indicated that identical amounts of [14C]sucrose were retained 
on the fdters regardless of whether or not 2% BSA was present. Thus, 2% BSA 
did not bind [14C]sucrose in excess of the 5% precision of this assay. 
Assay  for Cathepsin  D:  Cathespin D  activity in cell lysates was 
assayed by modifying method III described by Barrett (2). Adherent cell layers 
were removed from culture vessels and solubilized in 0.2% Triton X-100, so as to 
determine total cathepsin D  activity. Lysates were assayed at pH 3.0 for 30 rain 
at 37°C. Enzymatic activities  were normalized per milligram  of cell lysate protein. 
Inhibition of activity by pepstatin A (final concentration 71 #g/ml) was used as 
an index of the specificity  of the assay for cathepsin D (2, 8). Samples and blanks 
were assayed in triplicate. All reagents were kindly provided by Dr. Balvin H. 
Chua, Hershey Medical Center, Hershey, PA 
Materials:  The  following materials were obtained from the indicated 
sources: male guinea pigs, Canadian Breeders Laboratory, St. Constant, Quebec, 
Canada; male New Zealand white rabbits, Charles River Breeding Laboratories, 
Wilmington, MA;  Eagle's basal medium (BME)  amino  acid  solution (50x) 
without glutamine, MEM amino acid solution (50 x) without glutamine, MEM 
vitamin solution (100 x), Gibco Laboratories, Grand Island, NY; fraction five 
BSA (Pentex), Miles Laboratories Inc., Research Products Div., Elkhart, IN; [U- 
14C]sucrose, specific radioactivity 477  mCi/mmol, Amersham Corp., Arlington 
Heights, IL. All other chemicals were reagent grade. 
RESULTS 
Effect of Amino Acids on [14C]- 
Sucrose Accumulation 
Two approaches were used to determine whether the avail- 
ability of extracellular essential amino acids altered pinocytic 
function.  First, the time course of macrophage  accumulation 
of [14C]sucrose  was determined in three different  media, one 
free of amino acids and two containing essential amino acids 
at levels frequently employed in cell culture. Fig.  l  illustrates 
that, whereas there was little difference in the response to the 
two  amino  acid  mixes,  omitting  amino  acids  increased  net 
accumulation of [14C]sucrose  ~40% without noticeably chang- 
ing the time course of accumulation. These results may explain 
why fluid-phase pinocytic rates reported by others for macro- 
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FIGURE  1  Kinetics  of 
accumulation  of  [14C]- 
sucrose  by  cultured 
rabbit  pulmonary  al- 
jl/°  veolar  macrophages  in 
J  the presence of various 
/ 
e  levels  of  essential 
g  ~  amino  acids.  Cell 
monolayers were incu- 
bi°.  bated  for  specific  pe- 
c2J  riods at 37°C with  me- 
dia containing  [14C]su- 
crose.  O,  PBSG alone; 
17,  PBSG plus  vitamin 
mix  identical  to  that 
I  t  i  I  found  in  BME or MFM; 
50  IO0  150  200  A, PBSG plus amino acid 
TIME,  mlnules  mix identical to that in 
BME (micromolar): Val, 200; Leu, 198; lie, 198; Phe, 100; Met, 50; Thr, 
202; Lys, 200; Arg, 107; His, 52; Cys, 50; Tyr, 100; Trp, 20; O, PBSG plus 
amino acid mix identical to that in MEM (micromolar): Val, 400; Leu, 
400; lie, 400; Phe, 200; Met 100; Thr, 400; Lys, 500; Arg, 600; His, 201, 
Cys,  100; Tyr,  200;  Trp,  50.  Details  of  cell  culture,  experimental 
protocol, and determination of cell-accumulated radioactivity were 
described  in  Materials and  Methods.  The  amount of  [14]sucrose 
accumulated with time is expressed as the volume of culture me- 
dium (nanoliters), the substrate of which has been accumulated by 
10  s cells. Controls for accumulation of  [14C]sucrose  in  zero time 
have  been  subtracted. Values  represent the  mean  of  four  to  six 
determinations, with 1 SD never exceeding 10% of the mean. 
phages cultured in complete media (21,  26,  30)  were consis- 
tently lower than the rates observed for macrophages cultured 
in media containing no or very low levels of amino acids (3). 
As another indication that the lower pinocytic rates reported 
for macrophages cultured in complete media could be attrib- 
uted to the presence of physiological levels of essential amino 
acids,  it  was  found that  adding  a  complete  vitamin  mix to 
amino acid-free medium did not result in the lower pinocytic 
rate observed in the presence of essential amino acids (Fig. 1). 
That  nonlinear  accumulation was  observed in  all  cases was 
consistent with our previous findings (4) and those of others 
(30)  for fluid-phase markers in macrophages, an observation 
we have analyzed in detail recently (4). 
Effect of Amino Acids on Kinetics of [14C]  - 
Sucrose Exocytosis 
The  approach  described  above  for quantitation  of fluid- 
phase pinocytosis provided information concerning only the 
net  accumulation of [14C]sucrose, which reflects  the  balance 
between  endocytosis and  exocytosis (4).  However, a  kinetic 
analysis of exocytosis of accumulated  pinocytic marker  ([4]; 
summarized  in  the  legend  to  Table  I)  allowed  for  a  more 
detailed examination of the pinocytic process through analysis 
of the intracellular compartments involved and of the flux of 
pinocytic marker through these compartments. We have pre- 
viously established that in the presence of a physiological level 
of amino  acids,  the  process  of fluid-phase  pinocytosis  and 
subsequent exocytosis requires at least two intracellular com- 
partments in series,  one small compartment turning over rap- 
idly  (probably corresponding to pinosomes),  and  the  other, 
apparently larger compartment turning over slowly (probably 
corresponding to lysosomes) (4).  It was within the context of 
this two-compartment model (Fig. 2) that the effect of extra- 
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FIGURE  2  Sequential  model  de- 
picting  the  kinetically  defined 
compartments  and  fluxes  in- 
volved in fluid-phase pinocytosis 
and exocytosis in alveolar macro- 
phages. K's are absolute rate con- 
stants. Reproduced from the Jour- 
nal of Cell  Biology, 1981, 96:716- 
727,  by  copyright  permission  of 
The Rockefeller University Press. 
cellular amino acid depletion on pinocytic function was ana- 
lyzed. 
Macrophage monolayers were allowed to pinocytose [14C]- 
sucrose for 20 min and the exocytosis of this marker back into 
isotope-free medium was expressed as the percentage of [14C]- 
sucrose remaining inside the cell as a function of reincubation 
time. The resultant curves were dissected into their exponential 
components by "curve peeling"; the slope of each component 
process was taken as a measure of that component's half-life. 
The y-intercepts obtained by back extrapolation to time zero 
were taken as a measure of the distribution of the [14C]sucrose 
among the  component  processes  (4).  Results  indicated  that 
pinocytosis and  subsequent  exocytosis involved at  least  two 
intraceUular compartments (processes) under all three media 
conditions tested (Table I). These results were consistent with 
previous findings (4) and with  the working model shown in 
Fig. 2. However, the sizes of these two compartments and the 
associated intercompartmental fluxes were clearly affected in 
a  prescribed way (Table I). Specifically, the size of compart- 
ment  1 appeared essentially unaffected by varying the extra- 
cellular  amino  acid concentration,  whereas  the size of com- 
partment 2 increased 30-37% in the absence of a physiological 
level of essential amino acids. Moreover, although the overall 
uptake rate (K1) increased only slightly (7-12%), this increase 
was transmitted  in toto to K2,  effectively increasing the flux 
from compartment 1 to compartment 2 by 31-38%. Hence, the 
increase in fluid-phase pinocytosis in response to reducing the 
concentration of extraceilular amino acids was selective and of 
double-design, increasing both the size of compartment 2 (pre- 
sumptive lysosomes) and the delivery of extracellular material 
from compartment 1 (presumptive pinosomes) to compartment 
2.  These observations suggested that amino acid deprivation 
may result in increased delivery of exogenous protein to the 
lysosomes. 
Effect of Amino Acids on the Release of 
Phenylalanine from both Endogenous and 
Exogenous  Protein Sources 
To test the hypothesis that degradation of exogenous protein 
is stimulated under conditions of amino acid deprivation, we 
measured changes in the extracellular concentration of phen- 
ylalanine in the presence and absence of a physiological level 
of free amino acids (Table II). In the absence of albumin, total 
plienylalanine release (plus cycloheximide) was unaffected by 
amino acid deprivation (2.24  +  0.25  at  1 ×  vs 2.66  +  0.30  at 
0 x). Thus, endogenous protein degradation appeared insensi- 
tive to an acute depletion in the concentration of free extracel- 
lular amino acids.  In addition,  the fraction of phenylalanine 
derived from degradation of endogenous protein and reutilized 
for protein synthesis could be calculated from Table II. In the 
presence  of a  physiological level of amino  acids (1 ×),  total 
phenylalanine release (degradation) occurred at a rate of 2.24 TABLE  II 
Effect of Availability of Extracellular Free Amino Acids on 
Phenylalanine Release from Endogenous and Exogenous 
Proteins 
Incubation conditions 
Phenyl- 
Extracellu-  alanine 
lar amino  20 gM  release 
acid con-  2% albu-  cyclohex-  Phenylalanine  from  2% 
centration  rain  imide  release  albumin 
(nmol/ 3 h. 10 e  (nmol/ 3 h. 
cells)  10 ~ cells) 
0  X  --  --  1.45 ±  0.22 
0 X  +  --  4.18 ±  0.26  2.73 
0  X  --  +  2.66 ±  0.30 
0  X  +  +  7.37 ±  0.48  4.71 
1 X  --  --  1.16 ±  0.18 
1 X  +  --  3.46 ±  0.27  2.30 
1 X  --  +  2.24 -- 0.25 
1 X  +  +  4.72 -4- 0.32  2.48 
Monolayers of rabbit alveolar macrophages  were incubated  for 3 h at 37°C 
with  Dulbecco's  phosphate-buffered  saline  containing  5.6 mM glucose,  2.2 
/~M phenylalanine, and additional  components as specified:  in  the absence 
(0 x) or presence  (I x) of a physiological level of 19 amino acids (see below); 
±  2%  albumin;  -  20 /~M cycloheximide.  The  phenylalanine content of the 
media was  assayed before (initial)  and after (final)  the 3-h exposure to the 
cell  monolayer  and  the data  are  expressed  as the  net  (final  minus  initial) 
release  of  phenylalanine during this  3-h  period  (normalized  to  I0  s macro- 
phages).  Phenylalanine released from albumin degradation was calculated as 
the difference between phenylalanine release in the absence (-) and presence 
(+)  of  2%  albumin.  Values  represent  the  mean  -+  SEM  of  three  to  four 
experiments; each experiment was performed  in duplicate. 
I  x  amino acids  (micromolar):  Asp, 14; Ash, 68; Glu, 120; Gln, 652; Ala,  326; 
Val,  188; Leu, 166; lie,  108; Ser, 247; Thr,  203; Met, 54; Cys, 100; Pro, 108; Tyr, 
69; Trp,  100; His, 52; Lys, 380; Arg, 119; and Gly, 336 (5). 
nmol/3 h  •  10 6  cells, whereas net phenylalanine release (deg- 
radation minus synthesis) occurred at a rate of 1.16 nmol/3 h 
106  cells.  Therefore,  phenylalanine was  recycled into  the 
protein synthetic pathway at a rate of 1.08 nmol/3 h  • 106 cells 
(2.24  -  1.16),  which  represents  reutilization of 48%  of the 
phenylalanine derived from degradation of endogenous pro- 
tein.  Likewise,  under  conditions  of amino  acid  deprivation 
(0 x), 46% of the phenylalanine derived from degradation of 
endogenous proteins was reutilized for protein synthesis: (2.66 
-  1.45)/2.66. Thus, reutilization ofphenylalanine derived from 
degradation of endogenous protein was unaffected by amino 
acid deprivation. 
In the presence of albumin, total phenylalanine release (plus 
cycloheximide) attributable to albumin degradation (phenyl- 
alanine release in presence of albumin  minus phenylalanine 
release  in  absence  of  albumin)  was  increased  90%  in  the 
absence of amino acids (Table II; 2.48 at 1 ×  vs. 4.71  at 0x). 
Thus, unlike degradation of endogenous protein, intracellular 
degradation of exogenous protein appeared sensitive to amino 
acid deprivation. Furthermore, whereas only 7% of the phen- 
ylalanine derived from degradation of albumin was reutilized 
for protein synthesis in the presence of a physiological level of 
amino acids, the reutilization efficiency increased to 42% in the 
absence of amino acids: (2.48 -  2.30)/2.48  =  7% at 1 ×; (4.71 
-  2.73)/4.71  =  42% at 0x. 
Having  established  increased  degradation  of albumin  by 
macrophages cultured in medium deficient in amino acids, we 
next determined whether the lack of amino acids could have 
increased degradation of albumin via a direct elevation in the 
activity of lysosomal proteases, specifically cathepsin D. Table 
III indicates that (a) total cathepsin D  activity in macrophage 
lysates (assayed in the presence of detergent) was independent 
TABLE  III 
Total Cathepsin D Activity of HeLa  Cells and Alveolar 
Macrophages 
Micrograms  hemoglobin 
degraded/milligram  cell 
Cell type  protein, h 
HeLa cells 
Macrophages  (freshly isolated) 
Macrophages  (cultured  in the 
presence of amino acids) 
Macrophages  (cultured  in the 
absence of amino acids) 
127---  7 
754 +  15 
935 ±  56 
883 +  35 
Assay of total cathepsin  D  activity in  cell  lysates and culture of HeLa cells 
were  performed  as  described  in  Materials  and  Methods.  Rabbit  alveolar 
macrophages  were obtained by pulmonary lavage  and allowed  to adhere to 
culture dishes for I  h at 37°C and either immediately lysed (designated  freshly 
isolated)  or cultured for an additional 3 h at 37°C in the presence or absence 
of  amino  acids  at  physiological  levels  and  then  lysed.  Adding  pepstatin  A 
inhibited enzymatic activities by 85-90%. Values  represent  the mean  +  SEM 
of three determinations. 
of whether the macrophages had been cultured in the absence 
or presence of amino acids, and (b) the total activity of cath- 
epsin D  is 6-7  times greater in  macrophages than  in  HeLa 
cells. The comparatively low level of cathepsin D in HeLa cells 
offers one possible explanation why Eagle and Piez (11) were 
unable to demonstrate use of exogenous proteins as a source of 
amino acids for protein synthesis in HeLa cells (see Discussion). 
Effect of BSA and Cycloheximide on Kinetics of 
[ t 4  C]Sucrose Exocytosis 
The above observations indicated that increased degradation 
of BSA occurred in the absence of extracellular amino acids, 
as was predicted from increased delivery of ["C]sucrose to a 
compartment believed to be the lysosomes. However, 20 gM 
cycloheximide was  present to  measure degradation of BSA, 
whereas the [14C]sucrose  kinetic studies were performed in the 
absence of both  BSA and  cycloheximide. Therefore,  we  as- 
sessed whether the presence of 20 gM cycloheximide and 2% 
BSA could, in and of themselves, alter ["C]sucrose kinetics in 
such a  way to account for the increased degradation of BSA 
under amino acid-deprived conditions. Irrespective of the ab- 
sence or presence of extracellular amino acids, (a) cyclohex- 
imide caused compartment 2 to decrease in size by -40% and 
to turn over slightly faster, and (b) BSA caused compartment 
2 to increase in size by -30% and to turn over slightly slower. 
Neither cycloheximide nor BSA appeared to affect the size or 
rate of turnover of compartment 1. The effects ofcycloheximide 
and BSA together were additive, resulting in little or no net 
effect on the steady state kinetics of ["C]sucrose pinocytosis 
and subsequent exocytosis. In addition, [x4C]sucrose did not to 
bind to BSA (see Materials and Methods). Thus, in the presence 
of both cycloheximide and BSA, amino acids modulated pino- 
cytic pathway traffic. 
DISCUSSION 
Correct interpretation of pinocytic studies requires understand- 
ing the relationship between the rate of intracellular accumu- 
lation of a pinocytic marker and the actual rate of pinocytosis 
(4). Using the rate of intracellular accumulation of [14C]sucrose 
as an index of  pinocytic activity, we observed a 40-45% increase 
in accumulation in the absence of extracellular amino  acids 
(Fig.  1), which is consistent with our hypothesis that  amino 
acid deprivation would stimulate fluid-phase pinocytosis. How- 
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between pinocytosis  and exocytosis  in alveolar  macrophagcs 
(4), the cellular  response to amino acid  deprivation was ex- 
amined more closely. The increase in intracellular  sucrose 
accumulation was due to a redistribution  in intracellular  path- 
way traffic:  a small increase in the pinocytic rate,  KI, was 
transmitted entirely  to K2, resulting  in a 31-38% increase  in 
delivery to the lysosomal compartment. Thus, sucrose accu- 
mulation was satisfactory  only as a qualitative  measure of 
pinocytic function,  in that  it indicated  an increased pinocytic 
activity  in response to amino acid  deprivation,  but neither  did 
it  accurately  determine the magnitude of  the increase  in pino- 
cytic  rate,  nor did it  indicate  how the change in accumulation 
was achieved. 
The kinetics  of  [14C]sucrose  exocytosis  predicted  that  in the 
absence  of extracellular amino  acids, protein degradation 
would increase  due to increased delivery  of  pinosomcs to the 
lysosomal compartment and subsequent degradation of their 
exogenous protein  content.  By measuring changes in  the  extra- 
cellular  concentration of  phenylalanine, we found that  during 
amino acid  deprivation  total  protein  degradation (endogenous 
plus exogenous) was increased 56% (7.37  at 0  x versus  4.72  at 
l  ×; Table 2). This increase resulted  from a combination of 
invariant degradation of endogenous protein (2.66 _+ 0.30  at 
0  ×  vs. 2.24 ±  0.25 at I  ×; Table 2), and a 90% increase in 
intracellular  degradation of  exogenous protein  (4.91  at 0 x vs. 
2.48  at I  ×; Table If). 
In the presence of  albumin, increased  release  of  phenylala- 
nine was attributed  to  the  intTacellular  degradation of  albumin. 
This premise was based on previous studies  that  showed that 
albumin did not alter  degradation of  endogenous macrophagc 
proteins, that phenylalanine  release from albumin did not 
occur in cell-free  conditioned medium, and that the intracel- 
lular  pool of  free  phenylalanine was of  stable  and insignificant 
size  compared with the size  of  the cxtracellular  phenylalanine 
pool (17). 
The mechanism(s) responsible for altering fluid-phase pino- 
cytic pathway kinetics  in  the absence of extracellular  amino 
acids is not known. In this regard, it might be postulated that 
the additional  amino acids,  released  as a  result of increased 
intracellular degradation of BSA in the absence of extracellular 
amino acids, could function to alter pinocytic pathway traffic 
in the same way as do extracdlular amino acids, e.g., decrease 
the size of compartment 2. Results indicate, however, that the 
presence of  2% BSA increases the apparent size of  compartment 
2, irrespective of whether extracellular amino acids are absent 
or present. 
Reutilization  of phenylalanine  derived  from intracellular 
degradation of endogenous and exogenous protein was calcu- 
lated from measurements of phenylalanine release in the ab- 
sence and presence of cycloheximide. At 20 gM, cycloheximide 
inhibits protein synthesis in alveolar macrophages by 95-97% 
(data not shown; [16]). Unfortunately, however, 20 #M cyclo- 
heximide  also inhibits  protein  degradation by  15-20%  (data 
not shown; [9, 19]), resulting in an underestimation of the true 
rate of phenylalanine reutilization. Thus, the reutilization rates 
calculated from the studies presented here must be considered 
apparent, although recalculated rates corrected for the inhibi- 
tory effect of cycloheximide on protein degradation result in 
the same conclusions using slightly greater reutllization rates. 
We  postulate  that  the  increased  degradation  of BSA ob- 
served in the absence of extracellular amino acids may result 
from increased delivery of pinocytic material to the lysosomal 
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compartment. There arc, however, alternate explanations that 
warrant  consideration.  If cycloheximide and  BSA caused  a 
disproportionate  increase  in pinocytic flux  to the  lysosomal 
compartment in the absence of amino acids as compared with 
in the presence of amino acids, increased degradation of BSA 
in the absence of amino acids might result. The present findings 
are not consistent with this possibility.  Alternatively, freshly 
isolated macrophages cultured for a few hours in the absence 
of amino acids may have increased levels of lysosomal pro- 
teases. However, Table III indicates that, at least for cathepsin 
D, total activity was identical  for macrophages incubated  in 
the presence or absence of extracellular amino acids. 
We postulated that during amino acid deprivation, increased 
pinocytosis provides an increased  alternate  source  of amino 
acids  (derived  from  degradation  of exogenous  protein)  for 
protein synthesis. Consistent with this postulate, Hammer and 
Rannels  (17)  reported  that  in  the  absence  of extracellular 
amino  acids  protein  synthesis  decreased  by  ~30%  and  the 
presence of exogenous albumin (2%) could restore the synthetic 
rate to that measured in the presence of plasma levels of amino 
acids.  On the basis of the rates of albumin  degradation and 
protein synthesis determined by Hammer and Rannels (17), we 
calculate  that  only 36%  of the  phenylalanine  derived  from 
degraded albumin was required to restore the protein synthetic 
rate to normal. This value is in excellent agreement with our 
empirically determined rate of utilization for protein synthesis 
of phenylalanine derived from degradation of exogenous al- 
bumin (42%, see Results). 
The findings reported here and those reported by Hammer 
and Rannels (17) are consistent in many, but not all,  aspects. 
For example,  Hammer and Rannels (17) used suspended al- 
veolar macrophages and reported that the cells were in nitrogen 
balance in the presence of a physiological level of amino acids. 
We  found monolayers of alveolar  macrophages in  negative 
nitrogen balance under similar conditions. Whether the origin 
of these  differences  results  from comparing suspended  with 
adherent  cell  function  or  whether  these  differences  reflect 
variability inherent to the source of the cells (27) is not known. 
The  present  findings,  along  with  those  of Hammer  and 
Rannels (17),  and Rannels et al.  (27),  provide strong experi- 
mental  evidence that  intracellular  degradation  of exogenous 
protein  by pulmonary  alveolar  macrophages  can  provide  a 
source of amino acids for protein synthesis. In contrast, Eagle 
and Piez (11) using HeLa cells concluded that degradation of 
exogenous protein was not a significant source of amino acids 
for de novo protein synthesis. There are at least three expla- 
nations for these differences. (a) The apparent rate of pinocy- 
tosis by HeLa cells is approximately 20 times lower than that 
of alveolar macrophages (6, 20, 21).  (b) Compared with mac- 
rophages,  HeLa cells have very low levels of lysosomal pro- 
teases (i.e.,  cathepsin D, Table III). (c) The experiments with 
HeLa cells were performed in culture medium containing either 
a  complete supply of amino acids at supraphysiological con- 
centrations or, likewise,  omitting six amino acids (five essen- 
tials).  We  have  demonstrated  that  macrophages cultured  in 
medium containing physiological levels of amino acids utilize 
only 7%  of the  phenylalanine  derived  from degradation  of 
exogenous  protein  for  de  novo  protein  synthesis.  Whether 
omitting five essential amino acids would produce results anal- 
ogous to those in the absence of all amino acids is not known. 
The  question  remains  as  to  whether  the  contribution  of 
amino acids from degradation of exogenous protein is signif- 
icant  in  the  presence  of a  physiological level  of exogenous protein (0.6%  compared with the 2% used in the studies pre- 
sented here). In this regard, Airhart et al. (1) and Rannels et al. 
(27)  have  shown  that  in  the presence of  10% serum (=0.6% 
exogenous  protein)  and  a  physiological  level  of free  amino 
acids a  significant  fraction of the amino acid used to charge 
tRNA does not come from the extracellular pool. Furthermore, 
raising  the  concentration  of extracellular  amino  acids  could 
bring the specific activity of amino acyl-tRNA  to that of the 
extracellular  pool  in  the  absence  of serum,  but  not  in  the 
presence of serum (27). Thus, it appears that  10% serum may 
be capable of providing a significant source of amino acids for 
macrophage  protein  synthesis.  Additionally,  Hammer  and 
Rannels  (17)  have  shown  that  degradation  of  exogenously 
supplied  BSA  is linear over a  range  of concentrations  from 
0.02 to 6.0%.  Calculations based on those findings, in relation 
to those presented here, predict that under conditions of amino 
acid deprivation  0.6%  exogenous protein would provide 83% 
of the amino acids (i.e., phenylalanine)  necessary to maintain 
a  normal rate of protein  synthesis by alveolar macrophages. 
Therefore, even at a physiological concentration of exogenous 
protein, it seems likely that pinocytosis coupled to intracellular 
hydrolysis  of exogenous  protein  could  provide  a  significant 
source of amino acids for protein synthesis, especially during 
periods of reduced availability of extracellular free amino acids. 
Whether  this  pathway  is  common  to  cell  types  other  than 
alveolar macrophages remains to be determined. 
Lastly, recent evidence from two different receptor-mediated 
systems indicates that amino acids may determine the intracel- 
lular pathway followed subsequent to internalization of ligand 
(7, 24). Thus, amino acid modulation of intracellular pathway 
traffic may be a characteristic of pinocytosis in general. 
The authors thank Dr. Samuel Silverstein for helpful discussions, Dr. 
Rudy Ress for supplying the rabbits, Frank Jenkins for providing the 
HeLa  cells,  Janet  Arnold,  Kathy  Giger,  and Nancy  Soistmann  for 
expert technical  assistance, and Pat Gering and Bonnie  Merlino  for 
typing the manuscript. 
This research was supported by National  Heart, Lung and Blood 
Institute grant HL-14212 (Vermont Pulmonary SCOR) and HL-20344. 
Jeffrey M. Besterman is a Postdoctoral Research Fellow of the Parker 
B. Francis Foundation. D. Eugene Rannels is the recipient of Research 
Career Development Award HL-00294. 
Received for publication  21  June  1982,  and in revised form  10 February 
1983. 
REFERENCES 
I.  Aifhaxt, J.,  J.  A.  Arnold,  C.  A,  Bulman,  and R.  B.  Low. 1981. Protein  synthesis in 
pulmonary  alveolar  macrophages.  Source  of amino  acids  for  leucyl-tRNA.  Biochim, 
Biophys. Actu,  653:108-117. 
2.  Barrett, A. J.  1972. Lysosomal enzymes. In Lysosomes, A Laboratory  Handbook.  J. T. 
Dingle, editor. North Holland Publishing Co., Amsterdam. 46-135. 
3.  Besterma~, J. M., J. A. Aixhart, and R. B. Low. 1982. Macrophage phagocytosis: analysis 
of particle binding and internalization. Am. J. Physiol. 242:C339-C346. 
4.  aesterman,  J. M., J. A. Airhart,  R. C. Woodworth, and R. B. Low. 1981. Exocytosis of 
pinocyto~,'d fluid in cultured  ceils: kinetic evidence for rapid turnover and compartmen- 
ration. J. Cell BioL 91:716-727. 
5.  Block, W. D,, and R. W. Hubbard.  1962. Amino acid content of rabbit urine and plasma. 
Arch.  Biochem. Biophys. 96:557-56l. 
6.  Boquet,  P.,  and  A.  M.  Pappenhcimer,  Jr.  1976, Interaction  of diphtheria  toxin  with 
mammafian cell membranes. J. Biol. Chem. 251:5770-5778. 
7.  Chang, T. M., and D. W. Kullberg, 1982. Studies of the mechanism of cell intoxication by 
diphtheria  toxin fragment A-nsialoorosomucoid hybrid toxins. J. Biol. Chem. 257:12563- 
12572. 
8.  Dean, R. T. 1975. Direct evidence of importance of lysosomes in degradation of intracel- 
lular proteins. Nature (Lon~).  257:414-416.. 
9.  Dean, R. T. 1980. Protein degradation  in cell cultures: general considerations on mecha- 
vti£m~  and regulation. Fed. Pete.  39:15-19. 
10.  Dingle, J. T., A, R. Poole, G. S. Lazarus, and A. J. Barrett.  1973, Immunoinhibition  of 
intraceUuiar protein digestion in macrophages. J. Exp. Med,  137:1124-1141, 
11.  Eagle, H., and K. A. Piez. 1960. The utilization of proteins by cultured  human  cells. J. 
Biol. Chem. 235:1095-1097. 
12.  Ehranreich, B. A., and Z. A. Cohn.  1967. The uptake and digestion of iodinated human 
serum albumin by macrophages in vitro. J. Exp.  Med.  126:941-958. 
13. Go|dstein,  J. L., R. G. W. Anderson, and M. S. Brown. 1979. Coated pits, coated vesicles, 
and receptor-mediated  endocytosis. Nature  (Lond.).  279:679-685. 
14.  Gold.stein, J. L., S. E. Dana, J, R. Faust, A. L. Beaudet, and M. S. Brown. 1975. Role of 
lysosomal acid Lipase  in the metabolism of plasma low density lipoprotein. J. Biol. Chem. 
250:8487-8495. 
15.  Hammer, J. A. 1980. Regulation of protein turnover in pulmonary alveolar macrophages. 
(Ph.D. Thesis.) University Park: Pennsylvania State University, University Park, PA. 
16.  Hammer,  J. A., and D. E. Ranneis.  1981. Effects of halothane  on protein synthesis and 
degradation in rabbit pulmonary macrophages. Am.  Rev. Respir. Dis. 124:50-55. 
17.  Hammer, J. A., and D. E. Ranneis.  1981. Protein turnover  in pulmonary  macrophages. 
Utilization of amino acids derived from protein degradation. Bitch era, J.  198:53~5. 
18.  Hildebraa,  L N., J. Airhart, W. S. Stirewah,  and R. B. Low. 1981, Prolyl-tRNA-based 
rates of protein  and coUagen synthesis in human lung fibroblasts. Biochem,  J.  198:249- 
258. 
19.  Hopgood, M, F., M. G. Clark, and F. J, BaIiard. 1977. Inkibition of protein degradation 
in isolated rat hepatoc3aes. Biochem. J.  164:399-407. 
20.  Kaplan, J. 1976. Cell contact induces an increase in pinocytotic rate in cultured epithefial 
cells. Nature (Lond.)i 263:596-597. 
21.  Kaplan,  J.,  and M. Nielsen.  1978. Pinocytic activity of rabbit  alveolar macrophages  in 
vitro. J. Reticuloendothel.  Soc. 24:673-685. 
22.  Low, R. B, 1974. Protein biosynthesis by the pulmonary alveolar macrophages: conditions 
of nssay and the effects of cigarette smoke extracts. Am. Rev. Re~ir.  D/s. | 10:466-477. 
23.  Lowry, O., N. Rosebrough, A. Farr, and R. Randafi. 1951. Protein measurements with the 
Folin phenol reagent. J. Biol. Chem,  193:265-275. 
24.  Marshall S., A. Green, and J. M. Olefsky. 1981. Evidence for recycling of insulin receptors 
in isolated rat adipocytes. J. Biol. Chem. 256:11464-11470. 
25.  Poole, B., S. Ohkuma,  and M. Warburton.  1980. Protein degradation  in cells in culture. 
Ciba Found, Syrup. 75:189-200. 
26.  Pratten, M. K., K. E. Williams, and J. B. Lloyd. 197% A quantitative study of pinocytosis 
and intraceUular proteolysis in rat peritoneal macrophages. Biochem. J.  168:365-372. 
27.  RanneL% D.  E., R. B. Low, T. Youdale, E. Volkin, and J. Loogmore.  1982. The use of 
radioisotopes in quantitative  studies of lung metabolism. Fed, Proc. 41:2833-2839. 
28.  Rannels,  D. E., E. E. McKee, and H. E. Morgan.  1977. Regulation of protein synthesis 
and degradation  in heart  and skeletal  muscle. In Biochemical Actions of Hormones, 
Academic Press, New York. 4:135. 
29.  Sehneible, P. A., J. Airhart, and R, B. Low. 198 I. Differential compartmentatinn  ofieucine 
for oxidation and for protein synthesis in cultured skeletal mnscie. J, Biol. Chem. 256:4888- 
4894, 
30.  Steinman, R. M., and Z. A, Colin. 1972. The interaction of soluble horseradish peroxidase 
with mouse peritoneal macrophages in vitro. J. Cell BioL 55:186-204. 
31. Watkins,  C. A., and D. E. Rannels.  1980. Measurement of protein synthesis in rat lungs 
pe~  in situ. Biochem. J.  188:269-278. 
32.  Williams, K.  E., E. M. Kidston,  ft, Beck, and J. B. Lloyd. 1975. Quantitative  studies of 
pinocytosis. II. Kinetics of prolein uptake and digestion by rat yolk sac cultured in vitro, 
J.  Cell Biol. 64:123-134. 
33.  Woodside, K. H., and D.  Massaro.  1979. Degradation  of endogenous protein by rabbit 
pulmonary macrophages. J. AppL Physiol. 47:79-86, 
34.  Zak,  R., A. F. Martin,  and R. Blough.  1979. Assessment of protein turnover  by use of 
radioisotope tracers. Physiol. Rev. 59:407~A7. 
BESTERMAN  ET  AL.  Pinocytosis and Degradation of Exogenous Protein  1591 